HRV techniques are generally not applied to patients in atrial fibrillation (AF; Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology, 1996) . This is an important limitation, as AF is not only very prevalent but it is present in 30%-50% of the heart failure population, a condition in which HRV has been shown to be useful in predicting outcomes (Bilchick et al., 2002) . Recently, bridging this gap in knowledge has become even more pertinent due to the introduction of ablative interventions or device implantation (e.g. renal denervation, baroreceptor stimulators, vagal nerve stimulators, spinal cord stimulators) which modulate the ANS as a potential treatment strategy in heart failure and other diseases (Ardell et al., 2014; Patel et al., 2013) .
The argument against the use of HRV techniques in patients with AF is based upon the assertion that the RR intervals in AF are truly less dependent on physiological mechanisms measurable with HRV.
Though in clinical examination AF is characterized crudely by an irregularly irregular pulse, generally considered random, there is a growing body of evidence that supports a different view (Carrara et al., 2015; Cygankiewicz et al., 2015; Hayano, Sakata, Okada, Mukai, & Fujinami, 1998; Hayano et al., 1997; Rawles & Rowland, 1986) . Rawles and Rowland (1986) demonstrated in 74 patients in AF, using an autocorrelation technique, that at rest approximately a third of patients had a nonrandom ventricular rhythm. While the effect of the ANS on the sinus node is a major determinant of HRV in sinus rhythm (SR), the ANS is equally important in AF, through its effects on the refractory period and conductivity of the AV node, the frequency and irregularity of atrial impulses and the degree of concealed conduction (Bollmann et al., 2006; Hayano et al., 1998; Lim et al., 2011) .
The purpose of this study was to determine the validity of measuring HRV in patients with AF. To achieve this we used head-up tilt testing (HUT) as an intervention that predictably activates the sympathetic nervous system (SNS) and leads to withdrawal of the parasympathetic nervous system (PNS; Mehlsen, Kaijer, & Mehlsen, 2008) . We contrasted the effects of HUT on HRV in a cohort of individuals with AF and a group in SR.
The aging process is an important consideration in studies of autonomic physiology (Petersen, Williams, Gordon, ChamberlainWebber, & Sutton, 2000) . Not only is increasing age a risk factor for AF but it has also been shown to reduce HRV in cross-sectional studies (Laitinen, Niskanen, Geelen, Lansimies, & Hartikainen, 2004; Sosnowski, Macfarlane, & Tendera, 2011 ; Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology, 1996) . It is vital that we match for age and interpret our findings in the context of a more elderly population. To aid this interpretation we carried out additional analyses on a cohort in SR to establish the effect of aging on HRV responses to tilt in our patients.
| METHODS

| Study patients
We obtained data retrospectively on consecutive patients with permanent AF who underwent clinically indicated tilt testing at two hospitals (over a cumulative 9 years). All patients in SR from one of the hospitals also had their data analyzed to provide the control population. Patients were excluded from this analysis if they experienced syncope or presyncope in the tilt phase or had a paced rhythm. Data were available for 176 patients in SR and 31 in AF. National Health Service (UK) management permission for use of anonymized patient data for ethical research was obtained.
| Tilt-test protocol
The tilt table examination was performed in a dedicated room.
Patients were fasted for two hours prior to the HUT and did not have medications stopped. A motorized bed with footplate support was used to achieve tilt angles of 60-80°. Each patient had a 10 min supine baseline period after which they were subjected to 20 min of tilt.
| Data acquisition and preprocessing
Continuous, noninvasive, high resolution, beat-to-beat heart rate (1,000 Hz sampling frequency), and blood pressure monitoring (500 Hz sampling frequency) was performed at both sites using either the Task Force Monitor (CNS SystemsMedizintechnik AG, Graz, Austria) or Nexfin (BMEYE B.V, Amsterdam, The Netherlands). The Task Force Monitor also estimates cardiac output and total peripheral resistance using impedance cardiography.
Time series for heart rate (beat to beat NN intervals) were extracted and automatically filtered to exclude artifacts and ectopics using a validated and freely available programme Kubios HRV (http:// kubios.uef.fi).
| Heart rate variability
We standardized our analysis windows to five minutes to minimize bias as it is known that the total variance of HRV increases in proportion to the length of recording, in line with international recommendations (Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology, 1996) .
Windows immediately before and during the first five minutes of HUT were analyzed. Time domain, frequency domain and nonlinear methods for determining HRV were applied to the data (Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology, 1996) .
Time domain analysis involves application of simple statistical techniques straight to the successive RR intervals. We elected to study only SDRR (standard deviation of successive RR intervals) and RMSSD (root of the mean squared differences in successive RR intervals; Tarvainen, Niskanen, Lipponen, Ranta-Aho, & Karjalainen, 2014) as both of these parameters can be used in 5 min recordings of RR intervals and the other time domain parameters are either derived from them or are highly correlated with them (Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology, 1996) .
Frequency domain analysis required the RR interval time series to be converted to an equidistantly sampled series and this was performed using the cubic spline interpolation method (Tarvainen et al., 2014) . The power spectral density was estimated using parametric autoregressive modeling (order number 16 without factorization) and absolute power in the low frequency (LF: 0.04-0.15 Hz) and high frequency (HF: 0.15-0.4 Hz) bands calculated (Tarvainen et al., 2014) .
These powers can be normalized to minimize the effects of changes in total power on this parameters, e.g. normalized LF (LFnu) is calculated as: LF/(Total power−very low frequency power).
Finally we also applied the following nonlinear methods of HRV analysis: Poincaré plots, detrended fluctuation analysis and entropy.
Poincaré plots are a graphical representation of the correlation between successive RR intervals. It can be assessed qualitatively by looking at the shape of the plot and quantitatively by fitting an ellipse to the plot and calculating the standard deviation of the points perpendicular to the line of identity (SD1) and along the line of identity (SD2; Tarvainen et al., 2014) . Sample entropy, which refers to the degree of irregularity or randomness with a series and are estimates for the negative natural logarithm of the condition probability that a length of data having repeated itself within a tolerance r for m points, will also repeat itself for m + 1 points. We used the default value of m = 2 and r = .2 SDRR (Tarvainen et al., 2014) .
| Statistics
Some of the HRV parameters were not normally distributed and so we adopted nonparametric statistical analysis throughout for consistency. Continuous variables are summarized as median (quartile 1, quartile 3) and compared using the Mann-Whitney U test (independent samples), the Kruskal-Wallis test (more than two independent samples) and the Wilcoxon signed-rank test (dependent samples, i.e. comparing parameters before and after HUT in the same cohort). Categorical variables are presented as counts or proportions (%) and analyzed using Fisher's exact text. Strength of correlation between variables are presented using the Pearson's product-moment correlation (r). A p ≤ 0.05 was considered statistically significant for analysis of baseline clinical features and hemodynamics of patients. This level of significance was made more stringent to p ≤ 0.005 when analyzing the HRV parameters using the Bonferroni method to correct for multiple testing. A concern with the Bonferroni method is that it can elevate the type II error rate (accepting the null hypothesis when the alternative is correct) and for that reason we have also provided complete p values or at least made a summative distinction between a parameter that changed at p < .05 and one at p < .005. All analyses were performed using SPSS (Version 22, IBM).
| RESULTS
Data were available in total for 176 patients in SR and 31 patients in AF. Of these, all SR patients and 19 AF patients were from the same institution and had a full data set including noninvasive beat to beat heart rate, blood pressure, stroke volume, and peripheral resistance.
Data for the remaining 12 patients in AF were obtained from another institution for whom noninvasive stroke volume or peripheral resistance measurements were not available. Correlations between HRV variables at rest.
| The effect of HUT in AF and SR
The demographics of the 31 patients in AF and 69 age-matched patients in SR are summarized in Table 1 . Patients with AF were significantly more likely to have hypertension and be on more medications (angiotensin converting enzyme inhibitor, angiotensin receptor blocker, beta-blocker, calcium channel blocker, and digoxin). Only seven (22.6%) patients with AF were not on any of the six classes of medication detailed in Table 1 , compared with 54 (78.3%) in the SR cohort.
Head-up tilt causes a decrease in stroke volume, which is coupled with an increase in blood pressure (diastolic), heart rate and total peripheral resistance (Table 2 ). The magnitude and direction of change, though similar for both cohorts, were statistically more convincing in patients with SR.
All HRV parameters at rest were significantly different between the AF and SR cohorts. On HUT only two parameters (DFA-α2 and T A B L E 1 Demographics, past medical and medication history of the patients with atrial fibrillation and age matched sinus rhythm 
Data are presented as median (quartile 1, quartile 3) or count (%). ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; CCB, calcium channel blocker.
sample entropy) changed significantly (p < .005) in both groups (Table 2) . SDRR, LFnu and SD2 increased in patients in SR on HUT, whereas HF decreased in patients with AF at the uncorrected significance level of p < .05. There was no overall difference in the direction of change between either group.
| The effect of aging on cardiovascular autonomic reflexes
The cohort of 176 patients in SR was divided into tertiles of age (with median ages 22, 47, and 73 years). Their demographic data are detailed in Table 3 and suggests that the three groups were balanced apart from there being proportionally more females in the youngest cohort. In particular there were no differences with respect to prescribed medications.
There were significant differences at rest between the three tertiles of age with respect to hemodynamic function and HRV (Table 4) .
Stroke volume index decreased with age, whereas resting heart rate did not change. With advancing age all of the HRV parameters except for DFA-α1 and DFA-α2 were significantly attenuated (Table 4) .
Throughout the tertiles of age, upon HUT, blood pressure, heart rate and total peripheral resistance index increased whilst stroke volume index decreased. However, the augmentation in heart rate was attenuated as was the decline in stroke volume index with increasing age. Furthermore, the HRV response to HUT became blunted with age, with 11/12 HRV parameters changing at a significance level of p < .005 in the youngest tertile, 9/12 in the middle cohort and only 2/12 in the oldest tertile.
Correlations between each of the HRV parameters in the SR (N = 176) and AF (N = 31) cohorts are shown in Table 5 . There were strong correlations some of the nonlinear parameters (SD1, SD2, and DFA-α1) and linear parameters.
| DISCUSSION
The 
| The effect of age on cardiovascular responses to HUT in SR patients
| Hemodynamics
The process of shifting from a supine to an upright position results in an immediate reduction in venous return and up to a 20% reduction in stroke volume. In response, there is an activation of various homeostatic pathways, one of which is the ANS, which functions to maintain cerebral blood flow and prevent syncope (Mourot et al., 2007) . In our cohort, we demonstrated that our HUT protocol was effective in inducing an adequate hemodynamic stress. We observed a reduction in stroke volume index, which was associated with an increase in blood pressure, heart rate and total peripheral resistance index.
In the supine position, the oldest tertile had the lowest stroke volume and compared with the youngest tertile had higher blood pressures and vascular resistance. Upon HUT, the increase in heart rate was less pronounced in the older cohort as was the decrease in stroke index. Cumulatively, these responses seek to maintain cardiac output (heart rate x stroke volume indexed for body surface area). Laitinen and colleagues described the effect of aging upon response to HUT in 63 individuals and found results different from ours (Laitinen et al., 2004) .
Similar to our data they showed that elderly subjects had smaller increases in heart rate, however, in contrast to our findings they showed that this cohort also had a larger decrease in stroke volume and larger increase in total peripheral resistance upon HUT. The most likely explanation is that the two studies have examined different populations.
Laitinen and colleagues studied a healthy population who were not on any medication compared with our cohort who all had previously experienced syncope and at least a fifth had other significant comorbidities. Medications are known to influence cardiovascular responses but in our SR cohort there were no significant differences between the tertiles of age with respect to blood pressure lowering medications. Furthermore, there were differences between our studies with respect to when data were collected. In Laitinen's study all patients were rested supine for 3 hr before a 5 min baseline recording of heart rate was obtained (our protocol mandated a 10 min rest period) and were sampled at minutes 5-10 after HUT (our protocol mandated minutes 0-5).
| Heart rate variability
Aging affects HRV both at rest and under dynamic testing using HUT.
Consistent with the wider literature our data confirm that HRV reduces with age, both at rest and in response to HUT (Sosnowski et al., 2011) . At rest, we did not find a change in either DFA-α1 or DFA- Data are presented as median (quartile 1, quartile 3) or count (%). Abbreviations as per Table 1 .
T A B L E 3 Demographics, medical and medication history of the patients in sinus rhythm across tertiles of age T A B L E 4 Baseline and change with HUT of hemodynamic and HRV data across the tertiles of age in patients with sinus rhythm Data are presented as median (quartile 1, quartile 3). *p ≤ .05 (within group delta from baseline); **p ≤ .005 (within group delta from baseline). Abbreviations as per Table 2 .
T A B L E 5 Correlations (r) between heart rate variability parameters in the sinus rhythm (SR-in white) Abbreviations as per Table 2 .
(iii) our study numbers were modest and hence our investigation may be underpowered.
In the youngest tertile (0-30 years), seven of the nine HRV parameters changed significantly on HUT. Only SDRR and its correlate SD2 did not change. (Hoshi, Pastre, Vanderlei, & Godoy, 2013) In the 30-60 years of age cohort, RMSSD also failed to change significantly with HUT. Finally in the 60 years and older cohort, only two HRV parameters changed (at p < .005), DFA-α2 and sample entropy, both of them nonlinear parameters. Studies examining the effect of HUT upon HRV, using time and frequency domain, mirror our findings and have concluded that the response to HUT in younger individuals reflects parasympathetic withdrawal at the cardiac level, which diminishes with aging and is associated with a concomitant increase in sympathetic tone to the periphery (Laitinen et al., 2004) .
| Comparison of responses in patients with AF and SR
Frequency domain analyses of HRV in AF have failed to detect changes in response to manoeuvres known to affect HRV in SR and our data lends further support to this assertion (Hayano et al., 1997; Leung et al., 2005) . DFA-α2 and sample entropy are the only two HRV parameters that changed significantly (p < .005) in patients in AF and/or age-matched SR upon HUT. Though the direction of change was identical between the two groups, the magnitude of difference is likely to be different (though we are statistically underpowered to demonstrate the latter). Furthermore, there were three other HRV parameters that changed in patients with SR but did not in AF, when the type 1 error rate was reduced to 0.05: SDRR, SD2, LFnu (the former two have previously been shown to be well positively correlated; Hoshi et al., 2013) . It is not unexpected to see differences in HRV effects, since our two populations are different and because of this we would always recommend analyzing HRV in patients with AF separately from those in SR. Nonetheless, our findings suggest that though HRV data may be less interpretable in AF, certain parameters do have discriminatory values rather than just the "random chaos" of ventricular response.
However, a feature of note is how few HRV changes were actually observed on HUT, even in the SR cohort. This highlights the importance of aging on HRV as discussed above. In both the oldest tertile in SR and the AF group, the nonlinear measures were the only parameters that changed significantly.
One might ask why there is a differential effect depending on which measure of HRV is employed. There is no gold standard technique for measuring HRV and currently no one method can be de- HRV allows an insight into autonomic modulation; as tone increases, modulation increases but once tone remains elevated and saturation occurs, modulation decreases.
| Nonlinear measures of HRV
There is little doubt that heart rate and its variability are complex phenomena which arise from an intricate network of regulatory pathways. Heart rate is likely to be sensitive to initial conditions but this dependence is likely to diverge exponentially with time. In mathematics these types of systems are best described as nonlinear, which are fundamentally different from linear systems (examples of which include time and frequency domain analyses).This description of the underlying principles of nonlinear methods makes it immediately appealing as a technique for AF due to the apparent randomness of the latter. We examined three types of nonlinear analysis: Poincaré plots (Hoshi et al., 2013) , DFA (Castiglioni et al., 2011) and entropy (Porta et al., 2007) . Tulppo, Makikallio, Takala, Seppanen, & Huikuri, 1996) . Our data similarly reproduced these correlations (Table 5) .
DFA detects self-similarity. An α value of 0.5 suggests that the signal is truly random (white-noise) with larger values suggesting less noise (Brownian motion). When healthy volunteers were sequentially challenged with atropine, propranolol, and clonidine, it was shown that DFA values rise with vagal blockade and decrease with sympathetic blockade (Millar, Cotie, St Amand, McCartney, & Ditor, 2010) .
Sample entropy measures regularity or randomness of heart rate variations. Higher values indicate greater irregularity and are commonly a feature of health. During HUT, it is expected that sample entropy decreases and this has been shown to be proportional to the angle of HUT (Porta et al., 2007) .
| Other data supporting the validity of using HRV in AF
Measuring HRV in AF is not implausible; however, there remains a marked under appreciation of it. The most basic search on PubMed reveals >18,000 articles containing the words "heart rate variability" but only 402 articles using the combination of "heart rate variability" and "atrial fibrillation". A selection of the key publications are summarized below, however, from a broader perspective, further work in this field is required especially using the less validated nonlinear techniques.
Just as in SR there is a circadian rhythm of HR, a similar one is found in AF (Bollmann et al., 2006) . Following on from this, the prognostic significance of HRV in large populations of SR patients has been widely published and though there is a similar trend in patients with AF, the literature is sparse (Frey et al., 1995; Platonov & Holmqvist, 2011 ). Yamada and colleagues showed in 107 patients with AF and predominately a preserved left ventricular ejection fraction, that HRV (nonlinear markers only) could predict mortality (Yamada et al., 2000) .
In the reduced ejection fraction population of MADIT-II, in a subgroup of patients with AF (n = 68), those with a pNN20 < 87 had a higher mortality .
Finally in a cohort of 155 patients with heart failure and AF who were enrolled into the Muerte Subita en Insufficiencia Cardiaca (MUSIC) study, only nonlinear HRV parameters were found to be predictors of mortality, sudden cardiac death and heart failure progression. (Cygankiewicz et al., 2015) .
Our focus was on whether reactive changes in HRV could be identified in patient with AF after a dynamic challenge. van den Berg et al.
(1997) compared the role of vagal activity by using intravenous propanolol (SNS inhibitor) and methylatropine (PNS inhibitor) in 16 patients with chronic AF and 12 healthy men in SR. They demonstrated that though there were significant differences at baseline between the two groups in respect of HRV (SDRR, RMSDD, LF and HF), these parameters changed in patients with AF in a similar direction albeit visually different magnitudes to healthy individuals when subjected to pharmacological sequential autonomic blockade. In a subsequent blinded crossover trial in 60 patients with permanent AF, it was shown that both beta-blockers and rate limiting calcium channel blockers lower heart rate and time domain parameters (SDRR, RMSDD), whilst betablockers also increased irregularity (sample entropy; Corino et al., 2015) . Nagayoshi and colleagues documented RR interval and SDRR in 23 patients (mean age 61 years) in response to tilt, Valsalva, hand grip and showed that the response in patients with AF was similar to those of a historic SR population (Nagayoshi, Janota, Hnatkova, Camm, & Malik, 1997) .
| LIMITATIONS
This is a retrospective study and is exposed to the inherent biases that are common with this design. We have tried to minimize selection bias by sampling consecutive patients. Observer bias was limited as the tilt-time around which the analysis was performed
was based upon what was recorded at the time of the HUT. Ideally we would have wanted to study more patients with AF but we were surprised to find only 31 patients in total at two centers spanning in combination, 9 years of data in total. Our findings are applicable to patients with permanent AF who are above the age of 60 and likely to be on heart rate lowering or blood pressure lowering medications. Drugs, duration of AF (often difficult accurately to ascertain if the condition is asymptomatic), and other diagnoses (hypertension, heart failure, diabetes mellitus) are all known to induce autonomic remodeling and it is likely to account for the heterogeneity in response to HUT in our study. However, due to our limited sample size of patients with AF, we are unable confidently to perform further subgroup analyses to investigate the relative contributions of each of these explanatory variables on HRV. Comparisons of HRV and response to HUT between the population in AF and SR are confounded by the significantly increased use of cardiovascular medications and prevalence of hypertension in the AF group (Table 1) .
A larger and prospective study, with a broad spectrum of AF patients matched by an equally broad spectrum of SR patients, might overcome a number of these problems. Others have analyzed blood pressure variability in patients with AF and found less "white-noise"
artifact when compared to spectral analysis of heart rate (Corino, Lombardi, & Mainardi, 2014) . Future work may also study blood pressure variability and baroreceptor function as markers of the ANS in patients with AF.
We corrected for multiple statistical testing using a Bonferroni correction. However, an accepted weakness is that it often results in a reduction in power, i.e. a conclusion that there is no change, when one
genuinely exists. To demonstrate the effects of this correction explicitly, we have also provided those results that achieved significance at the conventional critical p value of 0.05.
| CONCLUSION
Our findings confirm the feasibility of using HRV in patients with AF. In particular, we were able to detect changes in HRV in response to HUT using nonlinear methods (DFA-α2 and sample entropy) as compared to traditional linear methods in individuals with AF. However, this finding invites a larger multicenter validation study. These findings may also prove to be of value in assessing the effect of novel ANS-modulating treatments such as renal denervation for diseases that predispose to AF, such as heart failure or hypertension.
